Laser-induced bulk damage of various types of silica glasses at 266 nm with pulse widths of 4 ns and 30 ps was measured. At a single pulse, the laser-induced damage thresholds (LIDTs) of fused quartz (FQ) produced by melting natural quartz powder were greater than those of synthetic fused silica (SFS), and a SFS containing 40 ppm of OH had the highest LIDT among the SFSs. The LDITs of SFSs containing no OH were less than those of the other samples. At 12000 pulses, the difference in LIDT among all samples became small.
Silica glass is used as a fine optical material in various applications such as laser nuclear fusion and fine laser fabrications. However, since a laser with a high-power pulse is used in these applications, damage may be induced in the optical materials. 1) In a previous work, 2) we studied the wavelength dependence of the laser-induced bulk damage threshold (LIDT) by applying a single pulse of the fundamental and higher harmonics of a Nd:YAG laser at 1064, 532, 355 and 266 nm with pulse widths of %1 ns. The LIDTs at 355-1064 nm can be expressed approximately by 1:76 0:43 in the unit of J/cm 2 , with being the wavelength in the unit of nanometers. At 266 nm, on the other hand, the LIDT was approximately one half of the extrapolation value obtained using this formula. We suggested that this low value of the LIDT may be due to the two-photon absorption process. A slight difference in LIDT among samples beyond the experimental error was observed at each wavelength. 2, 4) In a previous work, 4) we studied the LIDT at 532 and 355 nm obtained using laser pulses of 4 nm and 30 ps, at single and 12000 pulses of fused quartz (FQ) produced by melting natural quartz powder and synthetic fused silicas (SFSs) produced from liquid material in vapor phase, and discussed the origin of the difference of LIDT among samples. In this work, we studied the characteristics of the bulk LIDT at 266 nm, for various types of silica glasses.
Commercially available v-SiO 2 were used.
3) Sample ES is produced by the flame hydrolysis of SiCl 4 , directly in a H 2 / O 2 flame and contains 1200 ppm of OH and 40 ppm of Cl.
1)
Samples ED-A, ED-B, ED-C, and ED-H are produced by the vapor-phase axial deposition (VAD) method. 1) Samples ED-A, ED-B, ED-C, ED-H, OX, and HR contain 90, < 1, < 1, 40, 150, and 10 ppm of OH, respectively. ED-C contains 1000 ppm of Cl. Samples OX and HR are FQs with comtaining 150 and 10 ppm of OH, respectively. 1) These samples were cut to the size of 4 Â 4 Â 3 cm and all surfaces were optically polished. The outputs from a single-mode Q-switched Nd:YAG laser, a Continuum Powerlite 8000 and a mode-locked Nd:YAG laser (regenerative amplifier RGA-69-10 with mode-locked oscillator from Continuum) were frequency up-converted by KD*P and CLBO crystals to 266 nm. The widths of these laser pulses were 4 ns and 30 ps, respectively. Hereafter, we refer to these lasers as NSL (nanoseconds laser) and PSL (picoseconds laser), respectively. The amplified laser pulse was focused with a 10-mmfocal-length lens. The focused laser beam had a smooth Gaussian shape with a spot diameter at the 1=e 2 peak intensity of 50 mm. The laser energy was adjusted by using the combination of a half-wave plate and a dielectric polarizer, without changing the pumping energies of the amplifiers so as not to change the beam shape on the sample. The laser energy and the pulse shape were monitored with biplaner phototubes which were calibrated with a standard calorimeter. The damage was defined to be any visible change in the laser irradiated site according to the measurement of the scattered light under dark field. The irradiated site on the sample was changed after each laser shot, irrespective of the presence or absence of damage. Figure 1 shows the LIDTs of various types of silica glasses at 266 nm for the two types of lasers, NSL and PSL. At the single pulse, the LIDTs of the FQs are larger than those of SFSs for both NSL and PSL. The LIDTs of ED-H is as large as HR. At 12000 pulses, the difference in LIDT among samples became small. The LIDT of ED-H at 12000 pulses, however, are the greatest for each laser. This difference cannot be due to numerical error because the LIDT of ED-H is the largest at any number of pulses. 
Short Note
Next we discuss the reason why the LIDTs of FQ at the single pulse are greater than those of the other samples. It is possible that the high value of the LIDT is related to the viscosity of FQ; the viscosity of a FQ is greater than that of a SFS at the same OH content. 1) However, this cannot be the main origin of the higher LIDT, because the LIDT of OX, whose viscosity is less than that of HR, is greater than that of HR. In addition to the discrepancy between the two types of FQs, ED-B, the highest-viscosity SFS, exhibits the smallest LIDT among all of the SFSs. Therefore, the viscosity alone cannot govern the value of LIDT at 266 nm. Another possible factor which may govern the LIDT is the absorption band near 5 eV, called the B 2 band.
5) ED-B has an absorption band at 5.02 eV (247 nm) with the full-width at half maximum (FWHM) of 0.35 eV, called the B 2 band.
2) This band is derived from the neutral oxygen vacancy SiÁ Á ÁSi, called ODC(II). 5) In addition to ODC(II), a Si-Si structure called ODC(I), which causes an absorption band at 7.6 eV, is found to coexist, and its population is more than 1500 times greater than that of ODC(II).
5) ED-C, whose LIDT is the second smallest, also has ODC(I) and ODC(II).
2)
FQ also has two kinds of B 2 band; 6) the B 2 band and an absorption band at 5.15 eV (240 nm), with a FWHM of 0.48 eV, called the B 2 band. The B 2 band in OX is constructed mainly with the B 2 band, which can be annealed out.
6) The B 2 band is stable under heat treatment, but it can be changed into an absorption band at 5.8 eV due to the E 0 center (SiÁ) by irradiation with an UV beam such as that from a KrF excimer laser (248 nm) as 2, 5) 
where Si þ indicates a planar three-oxygen-coordinated structure. In the SFSs containing OH, the viscosity decreases with increasing the OH content under the irradiation of a single pulse of PSL, and the order of magnitude of LIDT was opposite to that of the viscosity. The viscosities of ES, ED-A, ED-H, ED-B, OX and HR are 2:7 Â 10 10 , 3:8 Â 10 10 , 5:7 Â 10 11 , 1:4 Â 10 12 , 4:3 Â 10 11 and 2:0 Â 10 12 PaÁs, respectively.
3) As for ED-C, no data was available. In the case of the NSL, the order of the LIDT between ES and ED-A was opposite to that in the case of using the PSL. The LIDT of ED-H has the highest LIDT among the SFSs at the single pulse, with any laser. ED-B has the smallest LIDT among all samples, under all of the conditions observed in this study. The B 2 band in ED-B must be changed into an E 0 center by the 266 nm photon beam as in the case of KrF laser irradiation, because the photon energy, 4.66 eV, is near the peak of the B 2 band. This proximity of these photon energies might accelerate the damage of ED-B through the local structural change expressed in eq. (1).
Another possibility for the origin of the large LIDT values of FQ is that the B 2 is changed into another structure by the increment of temperature due to irradiation. 6, 7) In this process, the photon energy is absorbed which increases the LIDT; the structural change expressed in eq. (1) could not be sufficiently large to affect the creation of a macroscopic fracture of the material. 6, 7) Although HR has both B 2 and B 2 bands, neither of these bands can be annealed out. 7) By irradiation with the 266 nm photon beam, ODC(II) should be changed into the E 0 center and the LIDT should be reduced, for the same reason that the LIDT value of ED-B is the smallest. The amount of ODC(II) is not as great as in ED-B. The viscosity also affects the LIDT; the viscosities of FQs are higher than those of the SFSs. A reason why the difference in LIDT among samples at 12000 pulses becomes small could be that the absorption band near 5 eV has been bleached by photon and/or heat induced by the irradiation before the material being damaged. The change of the structure in FQ to reduce the LIDT could balance the effect of the viscosity such that the LIDT is increaased.
Regarding the SiOH structure, other effects of the viscosity may occur. SiOH has an absorption whose peak energy is beyond the absorption edge, and the tail extends to %7:5 eV. Therefore, the two-photon absorption could affect not only the band-gap excitation but also the OH absorption tail near the band edge. In this case, OH might be destroyed by irradiation with the 266 nm laser pulse through the twophoton process. Therefore, the materials containing more OH content become easier for the laser pulse to destroy. In fact, the greater the OH content, the lower the LIDT becomes in SFSs containing OH. Cl also has an absorption tail in a similar energy region. 5) This could affect the LIDT of ED-C, in addition to affecting the ODCs.
In summary, we have compared the LIDTs of various types of silica glasses by applying 266 nm laser pulses with pulse widths of 4 ns and 30 ps. At the single pulse, the LIDT of FQ was greater than those of SFSs. At the 12000 pulses, the LIDT of all samples became almost the same. The main factors in controling the LDIT are possibly the viscosity, ODCs and absorption tails of SiOH and SiCl, near the absorption edge.
The authors thank Tosoh SGM Co. Ltd. for providing samples. They also thank Mr. T. Matsuoka for helping with the LIDT measurement.
